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The only high Resolution data for ZnO are a number of
pure rotational transitions for levels v = 0− 4.
N v five isotopologues uncertainty source
0− 1 0 64Zn16O 66Zn16O 68Zn16O 70Zn16O ±5kHz This work
1 64Zn16O 66Zn16O ±5 kHz This work
2 64Zn16O ±5kHz This work
3 64Zn16O ±5kHz This work
8− 10 0 64Zn16O 66Zn16O 67Zn16O 68Zn16O 70Zn16O ±50 kHz Zack(2009)a
13 0 64Zn16O 66Zn16O 67Zn16O 68Zn16O 70Zn16O ±50 kHz Zack(2009)a
1 64Zn16O 66Zn16O 67Zn16O 68Zn16O ±50 kHz Zack(2009)a
2 64Zn16O 66Zn16O ±50kHz Zack(2009)a
14− 19 0− 4 64Zn16O 66Zn16O 67Zn16O 68Zn16O 70Zn16O ±50 kHz Zack(2009)a
a L.N. Zack, R.L. Pulliam, and L.M. Ziurys, J. Mol. Spectrosc., 256, 186 (2009).
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The only available information regarding vibrational level spacing comes from
photo-electron data and had uncertainties of ±20 − 30 cm−1, which is more than
EIGHT orders of magnitude larger than the uncertainties associated with
the pure rotational data.
The only high Resolution data for ZnO are a number of
pure rotational transitions for levels v = 0− 4.
N v five isotopologues uncertainty source
0− 1 0 64Zn16O 66Zn16O 68Zn16O 70Zn16O ±5kHz This work
1 64Zn16O 66Zn16O ±5 kHz This work
2 64Zn16O ±5kHz This work
3 64Zn16O ±5kHz This work
8− 10 0 64Zn16O 66Zn16O 67Zn16O 68Zn16O 70Zn16O ±50 kHz Zack(2009)a
13 0 64Zn16O 66Zn16O 67Zn16O 68Zn16O 70Zn16O ±50 kHz Zack(2009)a
1 64Zn16O 66Zn16O 67Zn16O 68Zn16O ±50 kHz Zack(2009)a
2 64Zn16O 66Zn16O ±50kHz Zack(2009)a
14− 19 0− 4 64Zn16O 66Zn16O 67Zn16O 68Zn16O 70Zn16O ±50 kHz Zack(2009)a
a L.N. Zack, R.L. Pulliam, and L.M. Ziurys, J. Mol. Spectrosc., 256, 186 (2009).
The only available information regarding vibrational level spacing comes from
photo-electron data and had uncertainties of ±20 − 30 cm−1, which is more than
EIGHT orders of magnitude larger than the uncertainties associated with
the pure rotational data.
The present analysis therefore considers only the pure rotational
data, . . . however . . . }
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The potential well is very deep, and the vibrational levels for which
the pure rotational transitions have been observed span only 10%
of the potential well.
Can we get reliable vibrational/radial information from it ?
The pure rotational spectrum of ZnO in the X1R+ and a3Pi states
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A conventional Dunham-type analysis yields a limited parameter set with very
little predictive ability.
Table 3
Spectroscopic constants for ZnO (X1R+).a
64ZnO 66ZnO 67ZnO 68ZnO 70ZnO
B0 13 536.4361(62) 13 454.5569(62) 13 415.3475(62) 13 377.4195(62) 13 304.6299(62)
D0 0.020563(11) 0.020314(11) 0.020196(11) 0.020082(11) 0.019861(11)
rms 0.005 0.011 0.011 0.010 0.017
a In MHz; values in parentheses are 3r errors.
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However, the very high precision of microwave data means that they
contain information about the shape of the potential energy well,
and its isotopologue-dependence also includes vibrational/radial in-
formation.
Up to this point, all analyses of isotopic ZnO data had been based on coventional
Dunham expressions, one isotopologue at a time, neglecting the fact that even for
such a heavy molecule, at microwave resolution, quantum mechanical deviations
from semiclassical mass scaling and Born-Oppenheimer breakdown (BOB)
effects are expected to be relatively large !
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In contrast, the present report describes a fully quantum mechanical
Direct Potential Fit (DPF) analysis that takes full account of the
different levels of precision of the various data set and accounts for
all available data (on average) within their estimated uncertainties.
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• The resulting potential energy function and (BOB) correction function(s) allow
us to make realistic physical predictions far beyond the domain of the data used in
the analysis !
But how is this done ?
‘Direct Potential Fits’
{For 3-D Van der Waals molecules since 1974, and diatomics since ∼ 1990 }
• Simulate level energies as eigenvalues of some parametrized
analytic potential energy function V (r; {pj})
• Partial derivatives of observables w.r.t. parameters pj required
for fitting are generated readily using the Hellmann-Feynmann
theorem: ∂E(v, J)
∂pj
=
〈
ψv,J
∣∣∣∣ ∂ V (r; {pj})∂pj
∣∣∣∣ψv,J
〉
• Compare predicted transition energies with experiment, and
optimize potential parameters via an iterative least-squares fit
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• Partial derivatives of observables w.r.t. parameters pj required
for fitting are generated readily using the Hellmann-Feynmann
theorem: ∂E(v, J)
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• Compare predicted transition energies with experiment, and
optimize potential parameters via an iterative least-squares fit
Advantages
• final result is a global analytic potential energy function
• allows realistic predictions in ‘extrapolation’ region outside
the data range, and of non-spectroscopic properties
• yields full quantum mechanical accuracy
• readily accounts for Born-Oppenheimer breakdown (BOB),
Λ-doubling, and/or 2Σ splittings, in terms of radial functions
For the ground X 1Σ+ state of ZnO, we have calculated good values of the
leading long-range dispersion coefficients C6, C8 and C10, so we can use a potential
function form that incorporates the theoretically predicted inverse-power long-range
tail . . .
a Morse/Long-Range (MLR) Potential function.
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The physical parameters De and re and the exponent expansion parameters {βi}
are optimized using a standard automated least-squares technique.
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The physical parameters De and re and the exponent expansion parameters {βi}
are optimized using a standard automated least-squares technique,
while the expansion centre rref , the powers p & q defining the expansion
variable, and the exponent polynomial order Nβ are determined manually.
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We see that including three terms in the attractive long-range tail of our MLR
potential brings us closer to the outermost ab initio points, . . .
but adding more is unlikely to help.
Note that a fitted potential that gives a fairly good representation of the mi-
crowave data may be physically absurd . . . so caution is required !
Note that a fitted potential that gives a fairly good representation of the mi-
crowave data may be physically absurd . . . so caution is required !
Nonetheless, the solid curve on this plot shows that an empirical MLR potential
that accurately represents all of the data can also pass through the ab initio points.
Results
Parameters defining our current best-fit potential for the ground X 1Σ+ state of isotopic ZnO
MLR function BOB functions
De [29979.25] {pad, qad} {3, 3}
re 1.704682(2) u
Zn
0 −1.2(4)
C6 [71.34] u
Zn
∞ [0.0]
C8 [2927]
{p, q} {25, 4} {pna, qna} {3, 3}
rref [1.75] t
Zn
0 [0.0]
β0 0.05598913 t
Zn
1 −0.0010
β1 −16.182591 t
Zn
∞ [0.0]
β2 −100.57307
β3 −423.085
β4 −1345.811 t
O
0 [0.0]
β5 −3509.31 t
O
1 0.15
β6 −8573.9 t
O
2 0.9
β7 −20624 t
O
3 0.1
β8 −36370 t
O
∞ [0.0]
β9 −2.87× 10
4
v E Bv 10
7 × (−Dv) 10
13 ×Hv 10
18 × Lv Mv
For 64Zn 16O
0 −29611.1586 0.451526892 −6.8573275 −2.9844183 −1.4222171 −4.1228881×10−24
1 −28881.8105 0.447709332 −6.8726938 −3.0304039 −1.4870537 −6.1442773×10−24
2 −28161.4723 0.443901114 −6.8886739 −3.1731497 −2.5816138 −4.0607744×10−23
3 −27450.1034 0.440094075 −6.9182505 −3.8670506 −0.2122639 5.6692817×10−22
4 −26747.8689 0.436270527 −6.9081793 3.3007620 7.9717311 1.0258920×10−21
{underlineFor 66Zn 16O
0 −29612.3092 0.448795682 −6.7741140 −2.9313591 −1.3880826 −3.9998631×10−24
1 −28885.1474 0.445012777 −6.7892526 −2.9762783 −1.4489064 −5.8814499×10−24
2 −28166.9411 0.441239118 −6.8049480 −3.1128857 −2.5027811 −4.1867466×10−23
3 −27457.6491 0.437466827 −6.8340317 −3.8367219 −0.2697532 5.4420029×10−22
4 −26757.4372 0.433676373 −6.8251345 3.0732616 7.6978106 9.9323087×10−22
For 67Zn 16O
0 −29612.8614 0.447487771 −6.7344469 −2.9061710 −1.3719568 −3.9419882×10−24
1 −28886.7490 0.443721422 −6.7494772 −2.9505875 −1.4309444 −5.7563375×10−24
2 −28169.5661 0.439964276 −6.7650378 −3.0842454 −2.4656135 −4.2424692×10−23
3 −27461.2710 0.436208589 −6.7938856 −3.8217187 −0.2960500 5.3357273×10−22
4 −26762.0301 0.432433969 −6.7855358 2.9670773 7.5686120 9.7785308×10−22
For 68Zn 16O
0 −29613.3962 0.446222617 −6.6961886 −2.8819417 −1.3564928 −3.8866397×10−24
1 −28888.3004 0.442472262 −6.7111146 −2.9258772 −1.4137558 −5.6358229×10−24
2 −28172.1089 0.438731064 −6.7265457 −3.0566768 −2.4300186 −4.2936122×10−23
3 −27464.7797 0.434991418 −6.7551655 −3.8069189 −0.3207421 5.2344816×10−22
4 −26766.4795 0.431232106 −6.7473363 2.8660443 7.4448569 9.6313887×10−22
For 70Zn 16O
0 −29614.4248 0.443794650 −6.6230754 −2.8358151 −1.3271838 −3.7821513×10−24
1 −28891.2840 0.440074923 −6.6378025 −2.8788411 −1.3812760 −5.4060549×10−24
2 −28176.9992 0.436364268 −6.6529878 −3.0041443 −2.3626879 −4.3843630×10−23
3 −27471.5277 0.432655345 −6.6811705 −3.7777467 −0.3661162 5.0444049×10−22
4 −26775.0369 0.428925390 −6.6743155 2.6767238 7.2107220 9.3534093×10−22
